, simulation-based studies , and comparisons among distantly related taxa (Tytell et al., 2010) to understand the performance benefits and morphological changes associated with the evolution of a novel locomotor gait.
Fish are an ideal group to investigate the evolution of novel gaits because of the diversity in their locomotor modes, established hypotheses for the benefits and costs of gait specializations, and presence of closely related, extant taxa with intermediate forms of locomotion (Blake, 2004; Webb, 1984) . While they have diversified to use any number and combination of fins and/or portions of the body to produce thrust (Feilich, 2017; Lauder, 2015; Sfakiotakis, Lane, & Davies, 1999; Webb, 1994) , fish are generally classified as either body-caudal-fin swimmers (BCF), which rely mostly on the undulation of the body axis and caudal fin, or as median-paired-fin swimmers (MPF), which rely on movements of the pectoral fins, dorsal fin, anal fin, or combinations thereof to produce thrust (Blake, 2004; Lindsey, 1979; Webb, 1984) . Within both of these broad categories of locomotion, there are finer levels of variation. For example, BCF ranges from rapid oscillations of the caudal fin alone (thunniform swimming) to undulation of almost the entire body (anguilliform swimming) (Lindsey, 1979; Sfakiotakis et al., 1999) . Several specialized gaits fall within MPF swimming (Webb, 1994) , including gymnotiform locomotion, which is characterized by the ribbon-like motion of an elongate ventral/anal fin while the body remains relatively stiff (Blake, 1983; Youngerman, Flammang, & Lauder, 2014;  see Supporting Information Movies S1, S4, and S7). Gymnotiform locomotion is found among all Gymnotiformes (i.e., weakly electric knifefish) and was originally proposed to have evolved because the body's relative stability during swimming is thought to confer an advantage to electroreception via EOD's (electric organ discharges) (Blake, 1983; Lissmann, 1961; Nelson & MacIver, 1999) . However, gymnotiform locomotion has also evolved independently in at least one species of Osteoglossiformes (the African knifefish Xenomystus nigri), which is not known to utilize active electroreception (Blake, 1983; Jagnandan & Sanford, 2013) . In addition, other groups (e.g., the bowfin Amia calva, as well as the gymnarchid osteoglossiform Gymnarchus niloticus) utilize a functionally similar type of ribbon-fin locomotion (amiiform swimming), simply undulating an elongate dorsal fin instead of anal fin, but again lack active electroreception. This implies that there may be performance advantages (e.g., increased manoeuvrability, Webb, 1984) aside from electroreceptive stability associated with ribbon-fin swimming, potentially at the expense of other locomotor functions (e.g., reduced sprinting ability, Webb, 1984) . While recent research has highlighted the unique kinematics, hydromechanics, and manoeuvrability during free swimming behaviours in fish that use gymnotiform locomotion (Bale, Neveln, Bhalla, MacIver, & Patankar, 2015; Ruiz-Torres, Curet, Lauder, & Maciver, 2013; Sefati et al., 2013; Shirgaonkar, Curet, Patankar, & Maciver, 2008; Youngerman et al., 2014) , few studies have assessed the performance consequences and morphological correlates associated with transitioning to this specialized gait (but see Kasapi, Domenici, Blake, & Harper, 1993 for escape performance in X. nigri).
Here, we take an integrative approach to understand how a major evolutionary transition to gymnotiform locomotion affects morphological and physiological variation. We first quantify the morphological correlates associated with this gait by examining convergence in a phylomorphospace of data from species across four orders of teleosts. Second, using seven representative species from this phylomorphospace, including two independent evolutionary shifts to gymnotiform swimming and two "transitional" or intermediate swimmers in one of these shifts (in the Osteoglossiformes), we determine whether this evolutionary change in gait is associated with convergence in swimming performance or energetic costs. While fish morphology and swimming performance are each independently well studied (Claverie & Wainwright, 2014; Collar, Quintero, Buttler, Ward, & Mehta, 2016; Dornburg et al., 2011; Oufiero & Whitlow, 2016; Sfakiotakis et al., 1999) , the two approaches are rarely combined in a comparative context. In addition, the performance of fish with a gymnotiform gait is relatively poorly understood, with most locomotor research focusing on BCF (Gerry & Ellerby, 2014; Sepulveda & Dickson, 2000; Webb, 1982) and pectoral fin swimmers (Fulton, Johansen, & Steffensen, 2013; Lauder, 2015; Walker & Westneat, 2002) . With this study, we aim to test the hypotheses that: (a) Gymnotiform swimmers demonstrate morphological convergence and (b) burst swimming performance and steady-swimming energetic costs shift in correspondence with evolution of the gymnotiform gait.
| MATERIAL S AND ME THODS

| Phylogeny reconstruction
In order to investigate the evolution of body shape and swimming performance in a phylogenetic comparative framework, we generated a phylogeny using sequences for six loci obtained from GenBank (see Supporting Information Table S1 for accession numbers). We used an uncorrelated lognormal relaxed clock approach, as implemented in BEAST 1.8 (Drummond, Suchard, Xie, & Rambaut, 2012) , to infer divergence time estimates for the origin of the various lineages (Supporting Information Figure S3 ). In order to account for uncertainty in tree topology and branch length in our phylogenetic comparative analyses, we randomly sampled 100 trees from the Bayesian posterior distribution generated by BEAST (see electronic supplementary material, ESM, Appendix S1, for details). We matched each phylogenetic hypothesis to the morphological and performance data, pruning the tree for species we did not have data for (resulting in a final data set of 89 taxa used in phylomorphospace analyses and seven taxa used in swimming performance analyses).
| Morphological analyses
To quantify the morphological correlates associated with the evolutionary transition to gymnotiform locomotion, linear morphological measurements (described in Supporting Information Table S2 ) were taken on six individuals from each of 89 species of museum specimens from the Cypriniformes, Gymnotiformes, Osteoglossiformes and Siluriformes (see Supporting Information Table S3 for full species list). All available gymnotiform and osteoglossiform species were sampled. Although all Gymnotiformes have a similar shape and use gymnotiform swimming, Osteoglossiformes vary from elongate and laterally compressed gymnotiform swimmers (e.g., the African knifefish, X. nigri) to BCF swimmers with much more general fish body forms (e.g., the mooneyes, Hiodontidae), that is, body shapes which are not extreme in either body depth or elongation-one of the main axes of morphological disparity in fishes (Claverie & Wainwright, 2014; Ward & Mehta, 2010) . Siluriform families were selected based on the presence of an elongate anal fin comparable to that of gymnotiforms to examine whether this convergent fin morphology is associated with a convergence in body morphology among closely related taxa. Select cypriniforms were included as out-group representatives of general fish shape and BCF swimming. We also ran versions of these analyses without an osteoglossiform outlier (G. niloticus) and without the order Cypriniformes in an effort to ensure that the results are not simply an effect of taxonomic sampling (see Supporting Information Figures S1 and S2).
Principal component analyses on species means of log 10 (x + 1) transformed morphological data were used to qualify the major axes of shape variation among species measured (Supporting Information   Table S3 ). We added 1 mm to all traits to allow for log transformation of zero values (found in species with missing dorsal or anal fins), which should not substantially distort the relationship between zeros and other values in the data set as our minimum nonzero values do not differ from 1 mm by greater than an order of magnitude (McCune, Grace, & Urban, 2002) . While some authors have utilized phylogenetically corrected principal components analyses, using this method forgoes some of the optimality criteria of a conventional PCA (the axes may not be independent, and the first axis may not hold the majority of the variation) (Klingenberg & Marugán-Lobón, 2013; Revell, 2009) . Therefore, we ran a conventional PCA (here called morphoPCA) on the covariance matrix of our morphological data and superimpose the phylogenetic relationships onto the morphospace plot (Revell, 2014) . To quantify the strength of convergence in morphology, we calculated the Wheatsheaf index on morphoPC1 for groups of interest using the windex package (Arbuckle & Minter, 2015) . The Wheatsheaf index was calculated for the three species that approach the gymnotiform space (X. nigri, Kryptopterus limpok and Parailla pellucida) compared against every individual gymnotiform separately to obtain a distribution of convergence indices. For comparison, we also tested the three intermediate Osteoglossiformes (Chitala ornata, Notopterus notopterus and Papyrocranus afer) against each individual gymnotiform species.
| Performance data collection
Live fish from seven species (Table 1) across the phylomorphospace were used in performance testing (fish care details described in the Appendix S1). Species were selected based upon phylogenetic position, availability in the aquarium trade, feasibility of maintaining fish in laboratory, body size similarity, and gait employed. From the order Gymnotiformes, we selected two pure gymnotiform swimmers (Apteronotus albifrons and Eigenmannia virescens) to compare with a strict BCF swimming out-group (Devario malabaricus). Gymnotiform locomotion has evolved independently in one species of Osteoglossiformes, X. nigri, which we include in our performance testing. From this order, we also examined two intermediate species that undulate an elongate anal fin with simultaneous (but lower frequency) body undulations (C. ornata and N. notopterus) and one strict BCF swimmer (Osteoglossum bicirrhosum). We pooled analyses of performance for these seven species in order to sample performance across gymnotiform swimmers and some relatively closely related BCF swimmers. In addition, our sampling within the Osteoglossiformes allowed us to analyse performance changes across a transition from BCF to gymnotiform swimming. Our two strict BCF swimmers, O. bichirrhosum and D. malabaricus, were selected as they span a wide range of the morphological spectrum seen in BCF swimmers, with D. malabaricus being relatively short and deep-bodied, whereas O. bicirrhosum is quite elongate. Due to their morphological differences, these fish may appear to have distinct types of BCF gait, but in fact, each undulates approximately 2/3 of their body, with the wavelength increasing posteriorly, and are thus classified as subcarangiform BCF swimmers (Lindsey, 1979) . Videos demonstrating gaits employed by each species are provided in the ESM (Supporting Information Movies S1-S7) and kinematics of gymnotiform swimmers and N. notopterus are described in Blake (1983) , others were determined by personal observation and based on the classifications of Lindsey (1979) . Fish were fasted 24 hr prior to any performance test, and measures were staggered by 5 days to allow recovery between trials. Linear measures (Supporting Information Table S2 ) and mass were measured on anaesthetized fish (100 mg/L MS-222) within 4 weeks of performance testing, and water temperature was recorded during each test. We ran separate principal component analyses on the morphology of fish tested for sprint speeds (sprintPCA) and for oxygen consumption (cotPCA) in order to remove collinearity in the morphological measurements (see Supporting Information Tables S4 and S5 for loadings and variance explained). Because the morphoPCA (described above) was based on species means, running the PCA separately for fish tested for performance allowed us to generate PCA scores for each individual within each species, which we use in subsequent analyses of the performance data.
Here, the untransformed morphological trait values better met the assumptions of multivariate normality than log-transformed data, so these PCAs were run using the correlation matrix on untransformed data.
| Sprint speed
An elongated chamber was used to gather sprint speed data (described in Nelson, Gotwalt, Reidy, & Webber, 2002) . In short, laser sheets cross through the water column and align with photocells that register breaks in the connection when the fish crosses through (see Nelson et al., 2002 Figure 1 ). After a 15-min acclimation, fish were startled with a net, eliciting a rapid bout of swimming through the laser sheets. Sample sizes for each species (listed in parentheses beneath each column title) correspond to the number of individual fish used for sprint speeds, maximum sustainable speed (MSS) determination, and oxygen consumption (MO 2 ) measurements, respectively. Oxygen consumption measurements were transformed into minimum cost of transport (minCOT) as described in the methods. Numbers provided are species means (±SE). (Oufiero & Garland, 2009 ) and across trials in the individuals used for the present data set, with an intraclass correlation of r = 0.442 (95% CI: 0.328-0.645, p = 0.000457). Additional details on data collection and preliminary analyses are provided in the Appendix S1.
| Oxygen consumption
The rate of oxygen consumption (MO 2 ) was measured at incrementally increasing flow velocities (20%, 40%, 60% and 80% of the species maximum sustainable speed, see Appendix S1) in a 1.5-L Blazka-type or a 5-L Brett-type intermittent swim respirometer (Loligo Systems, Viborg, Denmark), depending on the size of the fish and following recent methods (Fulton et al., 2013; Tudorache, Viaene, Blust, Vereecken, & De Boeck, 2008) . Each speed cycle lasted 15 min and consisted of a flush period (270 s), where fully oxygenated water was brought into the chamber, followed by a brief wait period (30 s), and the measurement period (600 s). The respirometer was run empty for one full cycle (blank in Equation 1) at the end of each day to account for any background respiration by microorganisms. MO 2 calculations for each 600-s measurement period followed previous studies (Claireaux, Couturier, & Groison, 2006; Di Santo & Kenaley, 2016) was used to assess the fit, relative to the number of parameters, of the eight models of MO 2 for each species. Some species had more than one preferred model (∆AIC c < 2), from which a single model was selected based on similarity to the preferred model of other species. In order to facilitate comparisons across the literature, we plotted these preferred models with two y-axes: the original measure of mgO 2 kg −B hr −1 and the same data transformed to J kg −B hr −1 .
(1)
Phylomorphospace and representative photographs of species used for performance testing. The morphospace is based on species means of 89 taxa measured, and the best fit phylogenetic tree is projected onto the morphospace; relationships between taxa denoted by lines (see Appendix S1 for details on inferring the tree). Orders are colour coded, with species tested for performance shown in diamonds in the main plot and photographs shown on the right margin. Coloured symbols next to each species name correspond to symbols used to represent each species in Figures 2 and 3. Species from orders other than Gymnotiformes that converge on their morphospace (Supporting Information Figure S4 ) are listed including one of our tested Osteoglossiformes (Xenomystus nigri) and two Siluriformes. MorphoPC1 explained 62% of the variation in the data and described species with long but shallow anal fin as exhibited by gymnotiform swimmers or a long dorsal fin exhibited by the Aba Aba (Gymnarchus niloticus). MorphoPC2 explained 24% of the variation in the data set and was largely driven by body size, with all traits loading in the same direction (see Supporting Information Table S6 ) (Beecham, Pearson, LaBarre, & Minchew, 2009; Svendsen, Tirsgaard, Cordero, & Steffensen, 2015) and provide single numbers that may be used more readily in statistical analyses of species comparisons and may be more readily related to other factors like ecology (Tudorache et al., 2008) . The cost of transport is the amount of energy required to move a unit mass a unit distance and was determined by dividing MO 2 data by swimming speed, U (Svendsen et al., 2015) . We then fit the relationship between MO 2 and swimming speed to a quadratic function to expand the range of velocities over which we can predict cost of transport:
and again compared a mixed model to a fixed model, in this case, the fixed model was preferred for each species (∆AIC c < 2, results not shown). We then calculated the minimum COT (MinCOT, the lowest point of the fitted curve) and the velocity at the minimum COT (optimal swimming speed, U opt ) by fitting the curve for each individual in a species (see Appendix S1).
| Performance data analyses
To analyse our performance data across seven species, we used a phylogenetic generalized linear mixed model (PGLMM) approach, which includes within-species variation and phylogenetic relationships (Joyce et al., 2017; Reddon et al., 2016; Villemereuil & Nakagawa, 2014) . Our aim was to determine the relative effect (6) COT = aU 2 + bU + c for the seven species tested for performance. We then used the MCMCglmm package (Hadfield, 2010) to run full PGLMM models including swimming mode, water temperature and principal components 1-3 from PCAs conducted on these data sets (sprint-PCA and cotPCA, see ESM). The PGLMM includes phylogeny and species as random effects, along with the mean trait value and within-species variation for each predictor as fixed effects, as outlined in Villemereuil and Nakagawa (2014) . For MinCOT, we include U opt , and for U opt , we include MinCOT to determine whether these measurements are predictive of one another. These full models (i.e., including all possible measured predictors) for sprint,
MinCOT and U opt were run with 100,000 MCMC iterations, and inspections of trace plots ensured convergence in each model (Villemereuil & Nakagawa, 2014) . We next ranked all possible combinations (subsets) of predictors included in these full models for each performance measure on the best fit phylogeny using the dredge function (MuMin package Barton, 2016) and examined any preferred models (determined by a ∆AIC c < 2). This method allowed us to determine which predictor or combination of predictors (again, swimming mode, sprint-or cotPCs 1-3 and water temperature) best explained the variation in each performance metric.
Factors included in any preferred full model subset for a given performance measure were then retained for significance testing using a separate model, which we ran across the posterior distribution of 100 phylogenies to test for statistical significance of each explanatory variable and account for any uncertainty in phylogenetic structure. We report the factors included in preferred models on the best fit tree, along with the mean effect and pMCMC (which tests if a parameter's coefficient is significantly different from zero, Villemereuil & Nakagawa, 2014) of predictive traits, obtained from the model run across the posterior distribution of trees. Because we ran 100,000 iterations of the PGLMM for a given phylogenetic tree, we also report the mean (± standard error) lambdas for the best fit phylogeny for the best fit model of sprint speed and the full models of MinCOT and U opt . Lambda was calculated following Villemereuil and Nakagawa (2014) and is an indication of the amount of phylogenetic signal. We also ran nonphylogenetically corrected mixed models of all performance data, which yielded similar results (Whitlow, 2016) . All analyses were performed in the statistical programming platform R (version 3.3.3): R Foundation for Statistical Computing, Vienna, Austria.
| RE SULTS
Principal component analysis across 89 species revealed two main axes of diversity that explained 86.6% of variation in morphology (Supporting Information Table S6 ). MorphoPC1 explained 62.2% of the variation and separated fish with a long anal fin and a short or no dorsal fin, which have negative values for morphoPC1, from fish with a longer dorsal fin and reduced or absent anal fin, which fall out in the positive extreme of morphoPC1. Body width also plays a small role on influencing morphoPC1 (Supporting Information Table   S6 ), where thicker-bodied species have a higher morphoPC1 score.
While the wide range of variation on this axis appears to be driven by a single species (G. niloticus), the results remained similar when we removed this species from the analysis (see Supporting Information Figure S1 ). MorphoPC2 explained 24.5% of the variation in morphology and was largely influenced by body size, with all traits loading in the same direction such that larger fish have a negative morphoPC2 F I G U R E 3 Energetics of swimming among the seven species tested (see Table 1 Table S6 ). Table S4 ) and sprintPC3 (6.6% of variance)
were included in top phylogenetically corrected models (∆AIC c < 2, Supporting Information Table S7 ). SprintPC1 is driven mainly by body size, with a higher sprintPC1 indicative of smaller overall size. (Table S9 ). Additional models with ∆AIC c < 2 included species means for cotPC3, U opt , and temperature (Table S9) The highest optimal swimming speed (U opt ) was found in D. malabaricus (34.458 ± 1.949 cm/s), and remaining species fell across a range of optimal swimming speeds, but there was no relationship detected between U opt and species swimming mode (i.e., gymnotiform swimmers performed just as well as the other species examined). We again utilized a PGLMM model selection approach to assess the best predictors of U opt , including fixed effects of species swimming mode (gymnotiform vs. BCF and intermediate), cot-PC1-3, MinCOT and water temperature. Within-species variation, but not species means, in temperature and MinCOT were the only factors included in best fit phylogenetically corrected models for U opt (see Supporting Information Table S9 ). These factors (withinspecies variation for temperature and MinCOT) were significant across a sampling of 100 trees from the posterior distribution (mean pMCMC = 0.0056 ± 0.0001 SE and 0.0071 ± 0.0004, respectively), but species means for these factors were not significantly correlated with U opt (mean pMCMC 0.945 ± 0.004 and 0.941 ± 0.004, respectively). The significance of within-species variation implies an intraspecific relationship between U opt and both MinCOT and temperature, but no interspecific relationships explained the variation in optimal swimming speed (Villemereuil & Nakagawa, 2014) . Species swimming mode and individual morphology (cotPC1-3) were not retained in any top model (Supporting Information Table S9 ), implying that these factors did not have an effect on U opt. Lambda estimates on the best phylogeny and full model reveal a lambda for U opt of 0.21 ± 0.015, suggesting low phylogenetic signal in optimal swimming speed.
| D ISCUSS I ON
Major evolutionary transitions are often associated with changes in morphology, which may suggest a change to function and performance. For example, the transition to viviparity among phrynosomatid lizards is associated with shifts in locomotor morphology, suggesting variation in locomotor performance (Oufiero & Gartner, 2014) . Few taxa offer the opportunity to directly test whether the evolution of morphological changes is associated with performance changes, although modelling can be used to approximate the mechanics of extinct groups (Lautenschlager, Brassey, Button, & Barrett, 2016) . Many major evolutionary transitions in locomotion lack living intermediate forms, making direct comparisons of performance in a phylogenetic comparative framework difficult.
Fish are an ideal group to examine the evolution of locomotion because they contain multiple, independent transitions in the structures used to swim and extant taxa which utilize intermediate gaits (Blake, 1983; Webb, 1984) . We examined the specialized gymnotiform gait, which evolved independently in the teleost orders of Osteoglossiformes and Gymnotiformes. Our results demonstrate that among the species tested, the evolution of gymnotiform locomotion is associated with convergence in morphology but does not result in consistent or statistically significant changes in locomotor performance relative to BCF or intermediate swimming species. Regardless of morphological differences among our swimmers and their mechanisms of propulsion, no differences were detected among species' burst swimming speeds or oxygen consumption during sustained swimming.
Principal component analysis revealed that as the species studied evolve long anal fins, they tend to evolve thinner bodies and reduced dorsal fins, which is characteristic of gymnotiform swimmers;
conversely, species that evolve long dorsal fins exhibit a wider body and reduced anal fin (morphoPC1, Figure 1 ). This trend is seen in the Osteoglossiformes: this order contains species which possess a long anal fin and lack a dorsal fin (X. nigri) as well as species that possess an elongated dorsal fin and lack an anal fin (G. niloticus, Figure 1 ).
Furthermore, our analyses demonstrate convergence on the gymnotiform morphospace by X. nigri (the Osteoglossiform species which utilizes the gymnotiform gait) and by two species of Siluriformes (Figure 1 and Supporting Information Figure S4 ) whose locomotor gaits have yet to be analysed (future work on the locomotor kinematics of these species vs. those of known gymnotiform swimmers would be valuable). The intermediate species between BCF and gymnotiform swimmers that we examined, C. ornata and N. notopterus, approached the gymnotiform morphospace without complete convergence (Figure 1 and Supporting Information Figure S4 ).
Therefore, the evolution of gymnotiform locomotion is associated with a specific morphological shape: a long anal fin, reduced or lost dorsal fin and narrow body. An interesting avenue of potential future research would be to consider whether these relationships hold for other groups with elongate anal fins (i.e., Notacanthiformes and Ateleopodidae) or other types of median-fin swimmers. For example, there is convergence in dorsal ribbon-fin swimming with varying amounts of pectoral fin use (e.g., G. niloticus, A. calva, oarfish, cutlassfish, seahorses and pipefish) and locomotion using both the dorsal and anal fins (triggerfish, filefish and trumpetfish) (Blake, 1976 (Blake, , 1978 Jagnandan & Sanford, 2013 Sprint speeds are often used as a proxy for predator avoidance and prey capture success (Nelson et al., 2002; Oufiero, Jugo, Tran, & Garland, 2012; Oufiero, Walsh, Reznick, & Garland, 2011) .
Hypotheses from the literature suggested that novel gaits like gymnotiform locomotion may reduce sprinting performance in fish (Webb, 1984) , but our data demonstrate that the gymnotiform swimmers tested here sprint just as well as the BCF swimmers used in this study (Supporting Information Table S7 -swimming mode was not included in any preferred models). In fact, one strict gymnotiform swimmer, A. albifrons, spanned the entire performance range for sprint speeds (Figure 2 ). Similar work on the escape response of X. nigri found that this species also achieved higher accelerations than BCF swimmers (Kasapi et al., 1993) . Gymnotiform sprint data are comparable to those of BCF swimmers such as killifish, swordtails and dace (Nelson, Atzori, & Gastrich, 2015; Oufiero et al., 2011 Oufiero et al., , 2012 , suggesting that this specialized form of locomotion does not hinder sprinting abilities. Additionally, we expect that maximal sprint speeds may be largely conserved across fish taxa based on the consistency of sprint speeds across species in this and similar studies (Nelson et al., 2015; Oufiero et al., 2011 Oufiero et al., , 2012 , although additional taxonomic sampling in a phylogenetic framework will be necessary to confirm this hypothesis.
Fish swimming is thought to be one of the most efficient forms of locomotion (Tucker, 1975) , although very few studies have assessed the energetic performance of fish that utilize different means of propulsion (Di Santo & Kenaley, 2016; Fulton et al., 2013; Korsmeyer, Steffensen, & Herskin, 2002) . Furthermore, no studies that we are aware of have examined aerobic energetic performance in teleost species that span the evolutionary shift to specialized MPF swimming gaits, although a similar comparison in elasmobranchs showed that pectoral fin swimming skates use less oxygen than their BCF swimming shark counterparts at similar speeds (Lauder & Di Santo, 2015) . In contrast, our results of oxygen consumption versus swimming speed, COT, and U opt (Figure 3) showed no distinction among the gaits examined (Supporting Information Table S9 -swimming mode was not included in any preferred models).
Aerobic energy economy can be estimated in a number of ways: (Figure 3b,c) . These results suggest that other factors, such as the amount of muscle used to produce thrust, may have a greater effect on energy use during locomotion than the specific gaits employed (although gait and muscle use are not mutually exclusive). Furthermore, the difference in spread between minCOT and U opt (specifically, that most of the species studied had similar minCOT, but the speed at which the minCOT occurs-U opt -ranges widely across taxa) is an interesting finding that may warrant further investigation in future studies. We hypothesize that habitat, and in particular water patterns and flow rates, may explain this variation, as these ecological variables can be linked with migration speeds and energetic costs of swimming (Hinch & Rand, 1998; Tudorache et al., 2008) . Indeed, D. malabaricus lives in fastflowing waters (Kullander, 2001 ) and displays the highest U opt in this study, whereas species with lower U opt , such as N. notopterus, are described as preferring standing or sluggish waters (Roberts, 1992) .
Therefore, specialized gaits may not constrain the overall or minimum energetic costs of locomotion, as evidenced by similar minimum COT's, but may interact with species' ecology to influence the optimal swimming speed (U opt ).
Different approaches to data analysis make immediate comparisons of MO 2 and COT data across the literature challenging. We corrected for body size using a scaling factor (B) determined by habitat (which was the same across all but one species, see ESM) Appendix S1, whereas a majority of single-species studies simply divide by mass-that is use a (B) of 1. In a recent study on the little skate, where correction factors similar to those of the current study were applied, the MO 2 data are comparable to those presented here Di Santo & Kenaley, 2016) . In addition, during preliminary analyses, the present data were analysed using a scaling factor of 1 (results not presented), which yielded oxygen consumption results of similar scale to those seen in banded knifefish (McKenzie, Steffensen, Taylor, & Abe, 2012) and rainbow trout (Gerry & Ellerby, 2014) .
Few studies have examined the relationship of oxygen consumption to swimming speed using a model selection approach across multiple species in the same study. Our results highlight the importance of evaluating the fit of different functions to describe the energy use/swimming speed relationship, which may provide insight into other components of swimming mode, such as postural costs of different gaits (Di Santo, Kenaley, & Lauder, 2017) . Lastly, it should be emphasized that this study focuses on aerobic metabolism and did not measure the relative contribution of anaerobic metabolism, which may occur at submaximal exercise levels (see Burgetz, RojasVargas, Hinch, & Randall, 1998; Svendsen et al., 2010) . In summary, our oxygen consumption data suggest that (a) the relationship between energy use and swimming speed differs among species, highlighting the use of model selection (Oufiero & Angilletta, 2010) , (b) the evolution of the gymnotiform gait does not constrain aerobic energy use, as some pure gymnotiform swimmers have comparable energetics to a BCF swimmer (Figure 3a) , and (c) the evolution of the specialized gymnotiform gait does not explain the shifts measured in minimum COT and U opt in the species studied (Figure 3b ,c, Supporting Information Table S9 ).
An assumption of the performance space presented by Webb (1984) is a trade-off in locomotor performance among specialists, which has only been confirmed in species which utilize the same musculoskeletal structures for all types of swimming performance (Blake, 2004; Langerhans & Reznick, 2010; Oufiero et al., 2011) .
Gymnotiform locomotion is proposed to increase manoeuvrability, which we did not explicitly examine because there is not a consistent definition of the term nor an established method for quantifying this metric across fish species (Ellerby & Gerry, 2011; Gerstner, 1999; Webb & Fairchild, 2001; Webb, LaLiberte, & Schrank, 1996) .
Establishing such a method would be a valuable avenue for future research, as it could enable all three axes of performance space to be examined simultaneously and allow explicit tests of performance trade-offs within a given study. This work set out to test if the evolution of the specialized gymnotiform gait constrained two axes of the performance space (sprinting and cruising) and found little evidence to support such a trade-off, as gymnotiform and BCF/intermediate swimmers had similar sprinting abilities and oxygen use during steady swimming.
Specialized or novel locomotor gaits are proposed to evolve to increase performance or reduce energetic costs. Convergence in phenotypes, such as locomotor gaits, is often interpreted as support for strong selective pressures, although some recent studies have also highlighted a potential role of development in convergence (Evans, Waltz, Tagliacollo, Chakrabarty, & Albert, 2017) . Among fish there is tremendous diversity in thrust production mechanisms (Blake, 2004; Webb, 1984) with hypotheses for the advantages of these locomotor modes and extant intermediate taxa; yet very few comparative studies have tested the performance and energetics of different types of swimmers or across a transition between swimming modes (Fulton et al., 2013; Korsmeyer et al., 2002; Walker & Westneat, 2002 
